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This chapter discusses brieﬂy the techniques and experimental setups that were
used for the work presented in this thesis. This presentation is meant to help the
reader understand the work reported in the next chapters and is far from exhaustive.
For more technical details, the reader is referred to the reference section.
1
1.1 Scanning tunneling microscopy and
spectroscopy
One of the most often used techniques to investigate molecules on
surfaces in real space and with high resolution is scanning tunneling
microscopy (STM). STM was developed in 1981 by Gerd Binnig and
Heinrich Rohrer (at IBM Zu¨rich), their achievements were subsequently
awarded with the Nobel Prize in Physics in 1986.1 The STM is based on
the quantum tunneling of electrons between a surface and the apex of
a metallic tip placed in close proximity.2,3 When a voltage diﬀerence is
applied between sample and tip electrons can ﬂow by tunneling from the
tip to the sample or vice versa depending on the applied voltage polarity.
The probability of tunneling depends on the height and width of the
energy barrier between sample and tip. This energy barrier is due to the
air, vacuum or liquid separating the tip from the surface and it depends
on the tip-sample distance. A simple way to express the tunneling current
is
It = AV e
−kW (1.1)
where A and k are constants, V is the applied bias voltage and W the
potential barrier width (tip-sample distance). Due to the exponential
distance dependence, STM is a very precise technique to measure tip-
sample separation by recording changes in the tunneling current. The
tip in an STM is mounted on piezoelectric actuators that are externally
controlled by electronics and it can be moved with high precision in X-
Y-Z directions as displayed in Figure 1.1. An electronic feedback loop
is used to keep the tunneling current constant at a set-point value (con-
stant current imaging). This is done by adjusting the Z position of the
tip (tip-sample distance) continuously. By rastering the surface in the
X-Y plane while keeping a constant current set-point it is possible to
acquire a “topographic” image of the sample. However, the topographic
information obtained by STM it is an approximation due to the fact that
the probability of tunneling also depends on the local electron density of
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Figure 1.1: STM operation principles. Image from ref4. a) Piezo scanner conﬁguration. b) Micro-
scopic view of the tip apex interacting with a surface.
states (LDOS) of the tip and the sample. Following Fermi’s golden rule
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(1.2)
where f(E) is the Fermi function, EF is the Fermi energy, V is the bias
voltage, ρS(E) and ρT (E) are the density of states of the sample and
the tip, respectively, and M is the transition matrix that depends on the
overlap between tip and sample wave functions in a metal-insulator-metal
junction model.5 M can be expressed as:












where z = z0 refers to an integral at the junction position, χ and ψ are the
tip (electrode) and the sample (electrode) wavefunctions, respectively.6
The tunneling depends on both the density of states of the tip and of
the sample in the range of the applied bias voltage. Thus in general the
STM does not give pure topographic information and only in the case of
a sample with a homogenous density of states the topographic contrast
3
Figure 1.2: LT-STM (Omicron, Oxford Instruments) and UHV system that were used for the studies
reported in this thesis. The STM is not visible and it is inside the measuring chamber.
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Figure 1.3: STM image (30 nm)2 displaying Bromine atoms assembled onto an Au(111) surface. The
image was acquired at 5 K.
can be considered as a good approximation.
It is evident that STM and scanning probe microscopy instruments
in general are very sensitive to vibrations and a good design is needed to
minimize the coupling with the external environment. The STM resolu-
tion is usually better than 0.1 nm in X-Y and better than 0.01 nm in Z
direction. The most advanced machines operate in Ultra-High Vacuum
(UHV), at cryogenic temperature (< 5 K) and are provided with passive
and active damping systems. An example of such machine is shown in
Figure 1.2 that display the low-temperature LT-STM (Omicron, Oxford
Instruments) and the UHV system that was used for the studies reported
in this thesis. Nowadays, atomic resolution can be easily obtained even
using STMs that operate in ambient conditions. However, spectroscopy
and high-resolution measurements beneﬁt most of UHV and low tem-
perature operation. As an example, Figure 1.3 shows an STM image of
Bromine atoms assembled onto an Au(111) surface that was acquired at
5 K in UHV.
5
Scanning tunneling spectroscopy:
Because of the proportionality of STM to the LDOS scanning tunneling
spectroscopy (STS) can be performed.7 With the assumptions of low
temperature (T lim−→ 0 K), constant tunneling matrix element M and a
nearly constant density of states at the tip ρT (E) = const close to Fermi
energy (i.e. a metallic tip), eq. 1.1 can be rewritten as:
dIt
dV
∝ ρS(EF − eV ) (1.4)
Spectroscopic data can thus be acquired in the following way: the STM
tip is positioned at a desired location on the surface. Starting from an
opportunely chosen It set-point (i.e. I = 200 pA, V = −1.0 V) the
electronic feedback-loop is removed. In this way, the tip is standing still
at a constant distance from the surface. A sweep of the bias voltage is
performed in the desired range (i.e. −2.00 V to +2.00 V) and in small
steps (i.e. 0.01 V). During the sweep an I-V curve is recorded. By
numerical diﬀerentiation of the I-V curve the LDOS at that location is
obtained.
A more precise way to measure the LDOS with STS is by the imple-
mentation of a lock-in ampliﬁer technique to eﬃciently ﬁlter the noise
at frequencies away from a selected modulation frequency. This is done
by adding a small AC voltage (modulation) to the DC bias voltage of
the tip while slowly varying the bias voltage across the selected range for
spectroscopy. The tunneling current signal is processed in real-time by
a lock-in to extract a slowly varying DC signal that is proportional to
dI
dV
(t) and thus to the LDOS(x,y,E). To achieve this, the lock-in multiplies
the modulated signal (from the bias voltage) with the response signal of
the system (tunneling current) in a phase-lock manner. By integrating
over many periods of the modulating signal it is possible to ﬁlter the
contribution of other frequencies to the It signal.
With STS both occupied and unoccupied electronic states can be
probed. As an example of STS spectra Figure 1.4A shows the STS mea-
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Figure 1.4: A) STS spectra acquired on top of a sexiphenyldicarbonitrile (P6) molecule on graphene
on Cu(111) with a metallic tip termination. The visible peak is identiﬁed with the HOMO of the
molecule while the LUMO is not inside the measured range. B) STS spectra acquired on graphene
on Cu(111). The peak at about −230 meV is from the surface state of Cu(111) that is modiﬁed by
the presence of graphene (normal value is −400 meV). The red line shows a 5 points mobile average
of the data. Negative bias voltage refers to the occupied electronic states.
surements of a sexiphenyldicarbonitrile (P6) molecule on graphene on
Cu(111). A clear peak in the LDOS is visible, which is attributed to
the HOMO of the molecule. The LUMO is instead not revealed in the
measured range indicating a LUMO energy higher than 2 eV. Figure
1.4B reports the STS measurement of the surface state of Cu(111) in
a region where only graphene on Cu(111) is present. The surface state
onset energy measures about −230 meV and it deviates from the value
for pristine copper (−400 meV) due to the presence of the graphene on
the surface.
Spectroscopy with STM can also be used to map the LDOS on the sur-
face thus measuring the so called LDOS maps (or dI/dV maps). dI/dV
maps display the LDOS of the electronic state that is mapped at each
location by an intensity 2D plot, LDOS(x,y,eVb). This technique is very
useful to study the spatial distribution of electronic states on the surface
at diﬀerent energies (eVb). One possible way to acquire such maps is by
imaging the surface while recording the dI/dV signal from the lock-in
ampliﬁer. The feedback-loop is active but ﬁltered to react slower than
the modulation signal. In this way, it is possible to record a Z image
at the same time as the LDOS map. Another way of measuring is by
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Figure 1.5: Example of LDOS (dI/dV ) map of a molecular superlattice realized by self-assembly
of 1,3,5-benzenetribenzoic acid (T4) on Au(111). A) LDOS map (27 nm)2, (V=−0.25 V, I=100
pA) showing that greater LDOS is present inside regions delimited by the molecular superlattice
with respect to regions on the pristine surface. This observation is explained by the presence of
quantum-dot like states inside the pores of the molecular network due to the quantum conﬁnement
of the Au(111) surface state electrons. B) Simultaneously acquired STM image of the molecular
network. C) 3D rendering of (A+B) where the STM topographic signal in B is used to generate the
landscape while the LDOS map in A is used as color texture. The color-scale is modiﬁed.
acquiring dI/dV spectra on a grid of points that raster the surface with
the advantage of having the complete energy spectra (in a selected range)
available at each location. In this modality, the feedback-loop is deac-
tivated during acquisition and can be periodically reactivated when the
tip moves to a diﬀerent location on the grid to prevent a crash of the
tip. However, this modality is very time consuming and becomes very
unpractical if one wants to probe large regions or high resolution maps.
The acquisition time of a grid dI/dV map scales up very fast with the
image resolution and thus drift and other technical problems arise.
As an example of these measurements Figure 1.5A reports the LDOS
map of the conﬁnement of the surface state electrons of Au(111) by a
honeycomb molecular superlattice. The experimental investigation of
the quantum conﬁnement of electrons by molecular architectures with
STS and LDOS maps was one of the aims of the research presented in
this thesis. According to the quantum conﬁnement of free electrons -
i.e. 2D electron gas in the surface state of Au(111) - by a potential well,
diﬀerent quantized electronic states can form. With STS these states
can be mapped by acquiring LDOS maps at the energy of the quantized
levels. In Figure 1.5A the LDOS corresponding to electrons with 0.25
eV of binding energy is measured. The LDOS is greater inside the pores
8
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than on the bare surface due to quantum conﬁnement eﬀects.
1.2 Atomic force microscopy
Atomic Force Microscopy (AFM) belongs to the scanning probe mi-
croscopy family together with STM and it was invented and realized by
Binnig just after the advent of STM.1 The main diﬀerence is that AFM
does not measure necessarily a tunneling current. AFM instead mea-
sures the interaction force between the tip and the sample and in general
does not have any voltage applied to the tip. The force can be detected
indirectly by recording the deﬂection of a cantilever of known elastic
modulus on which a tip is mounted. This is performed by using a laser
beam that is reﬂected by the cantilever towards a 4-quadrant detector
that measures deﬂection and twisting of the cantilever. Similar to STM,
AFM operates with a feedback loop that keeps the deﬂection-setpoint
constant (contact mode AFM). With AFM it is then possible to acquire
constant force topographic images and non conducting samples can be
used. Schematic of an AFM apparatus is shown in Figure 1.6. AFM
usually operates in one of three possible modes: contact, tapping (AC-
AFM) and non-contact (NC-AFM) mode. In AC-AFM and NC-AFM
the cantilever is oscillated very close to or at its resonance frequency.
The two operating conditions diﬀer by the amplitude of the oscillation
at the tip, in the case of AC-AFM the amplitude is larger (10-200) nm
than in the case of NC-AFM (< 10 nm). For this reason, the tapping
mode is also called intermittent contact mode because the tip is not
maintained inside the tip-sample interaction potential as it is the case
of NC-AFM. Two operation conditions of the electronic feedback can
be adopted: amplitude modulation (AM-AFM) or frequency modulation
(FM-AFM). The former mode detects changes in amplitude while the
latter detects changes in the resonance frequency of the cantilever due to
sample-tip interactions. As an example of AFM image, Figure 1.7 shows
a typical AFM micrograph displaying few layers of PTCDA molecules
9
Figure 1.6: Schematic of the setup
for atomic force microscopy measure-
ments. A tip mounted on a cantilever
is rastering the surface by means of
piezo actuators. The deﬂection of a
laser beam by the cantilever gives in-
formation about the bending of the
cantilever and thus the tip-sample in-
teraction.
deposited on graphene on Cu(111). Several variations of AFM can be
implemented which are able to measure friction, magnetic anisotropies,
conductance, local potential, etc.
1.3 Tuning fork non-contact atomic force
microscopy
Tuning fork measurements (TF-AFM) with a “qPlus” sensor are re-
ported in Chapter 3 where non-contact tuning fork AFM (“qPlus” NC-
AFM) was used to study diﬀerent intermolecular interactions within an
organic porous network. Tuning fork AFM is a scanning probe technique
that makes use of a quartz tuning fork as probing sensor. The most fa-
mous implementation is by the so called “qPlus” sensor introduced for
the ﬁrst time by Gissibl.8,9 The “qPlus” sensor is made with a quartz
tuning fork (widely used in watches) and one of the two fork’s prongs
is ﬁxed while the other is free to oscillate. A metallic tip is mounted
on the free prong as shown in Figure 1.8. The tip oscillation amplitude
can be controlled by an electronic feedback-loop that acts on the tuning
fork by piezoelectric eﬀect. Moreover, the tip can be biased respect to
10
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Figure 1.7: Contact mode AFM mi-
crograph (5 x 5) μm2 of few layers
of PTCDA molecules on graphene on
Cu(111). Graphene wrinkles are visi-
ble as bright lines in the image. The
PTCDA early stage growth shows typ-
ical morphology of a layer plus island
growth (Stranski-Krastanov).
the sample through a dedicated electric connection and thus a “qPlus”
sensor can be used with STM feedback, (Zero-bias) AFM feedback or
a mixture of both. The ability to perform simultaneous measurements
of both tunneling current and frequency shift enlarge the capabilities of
TF-AFM respect to pure AFM and STM alone.
In working conditions the fork is excited to oscillate at a constant
amplitude and at its resonant frequency f0. The eigenfrequency of the
tuning fork changes with the action of force gradients due to tip-sample
interaction.9,10 The two main modes of TF-AFM operation are the con-
stant frequency shift and the constant height. In the former case, an
image is created by scanning the surface and keeping f = f0 +Δf con-
stant by controlling the tip-sample distance with a feedback-loop. The
latter case instead does not make use of an electronic feedback and Δf is
recorded while scanning at constant height (z = z0). “qPlus” NC-AFM
measurements perform best in UHV and at cryogenic temperatures (< 5
K) to avoid thermal drift and enhance the sensitivity of the quartz sen-
sor. In fact, the Q-factor (f0/Δf0) of a quartz tuning fork’s resonance
can reach very high values of > 10000 at liquid He temperature. The
high Q-factor makes it possible to very precisely measure the frequency
shifts of the TF’s resonance due to tip-sample interactions. A typical
11
Figure 1.8: Left: Magniﬁcation of a “qPlus” sensor consisting of a quartz tuning fork mounted on a
tip holder (ref. Omicron, Oxford Instruments). Right: Image showing a quartz tuning fork resonator
implemented in Swatch watches.
frequency shift versus tip-surface separation curve acquired with a TF
is reported in Figure 1.9 and shows the tip-sample interaction in the
case of a homogeneous and atomically ﬂat surface (a) and the case of a
heterogeneous surface (b), respectively.
In this thesis we used “qPlus” sensors to acquire images in Zero-bias
NC-AFM mode without a feedback-loop (constant height). This acqui-
sition mode is at the moment giving the best results in terms of spatial
resolution and scanning speed but has the disadvantage of losing depth
resolution fast. This is because of the short range interactions that give
rise to the sub-molecular resolution with TF-AFM. The best resolution is
indeed obtained when operating in the regime of Pauli repulsion.11 In this
condition, a displacement of the tip-sample distance of about 0.6−0.8 A˚
is suﬃcient to exit the Pauli repulsive regime and enter the van der Waals
force regime which gives rise to featureless cloudy halos in the image. On
the other hand, the strong repulsive interactions between tip and sample
may lead to tip changes and surface modiﬁcations like molecule or atom
12
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Figure 1.9: Frequency shift vs distance curve measured with a tuning fork. From ref13. a) homoge-
neous surface. b) heterogeneous surface.
diﬀusion that make TF-AFM a very diﬃcult technique to operate. A
very high level of instrument stability and user skills are needed with
respect to standard STM and AFM imaging, and the acquisition time
can be extremely long (about 5 hours for 1 image, about 1 day to get the
system in stable operating conditions).
One of the most impressive results of TF-AFM was the imaging of
molecules on surfaces with sub-molecular resolution. First reported at
IBM by Leo Gross12 this possibility enlarged the frontier of surface sci-
ence characterization. Astonishing sub-molecular resolution can be
achieved for example by the functionalization of the metallic tip apex
with a single CO molecule.12 An image of a pentacene molecule acquired
with a TF functionalized with CO is reported in Figure 1.10. Having a
CO molecule as scanning tip is a standard way to have a well-deﬁned
tip geometry and electronic structure, this is important for the following
reasons. The sharp and directional orbitals of CO are known to greatly
improve the ability of the tip to resolve sub-molecular features both in
STM and TF-AFM.15–17 Moreover, a CO passivated tip improves the tip
apex stability against tip changes due to the lower reactivity of CO with
respect to a metallic tip when imaging molecules on surfaces. A standard
tip termination is also useful for comparing results in literature. On the
other hand, a disadvantage of a CO tip is its poor stiﬀness related to
the possible bending of the CO. This has been proven to induce artifacts
13
Figure 1.10: Molecules imaged with sub-molecular resolution using TF-AFM. A) Constant-height
NC-AFM measurements using CO-functionalized tips. Model of a CO-functionalized tip above a
pentacene molecule. B) Frequency shift signal TF-AFM image of a pentacene molecule acquired
with a CO-functionalized tip apex. The dark halo from the van der Waals interaction is visible
surrounding the molecule. Bright contrast is obtained where tip-molecule interaction is repulsive.
C) and D) Cephalandole A molecule imaged in constant height by TF-AFM. Image size (1.6 nm x
1.9 nm) grey scale from −7 Hz (dark) to +2 Hz (bright). Images readapted from ref12,14
in some cases.18–20 A perfect tip for tuning fork imaging is still to be
discovered.
1.4 Angle resolved photoemission
spectroscopy
Angle resolved photoemission spectroscopy (ARPES) was used in this
thesis to get useful information about the band structure of graphene
(Chapter 4). ARPES experiments were also performed on graphene that
14
Experimental techniques
Figure 1.11: Schematic of ARPES experimental setup.
was functionalized by molecular architectures (Chapter 5) but without
any conclusive result at the moment of writing this thesis.
ARPES is a surface sensitive technique, which operates in ultra-high
vacuum and conductive samples need to be used to avoid charging. In
ARPES valence electrons are photoexcited into vacuum by irradiating
the sample with a monochromatic photon beam (UV range). The emit-
ted electrons can travel unperturbed to an electron analyzer that counts
the number of electrons with respect to their speciﬁc kinetic energy and
emission-angle. The experiment relevant emission angles are indicated in
Figure 1.11 together with the basic setup for ARPES measurements.
With ARPES it is possible to map the sample electronic band struc-
ture (in the occupied states) and thus obtain the energy-momentum rela-
tions of the electrons. Measuring along diﬀerent angular directions gives
information about the band structure along diﬀerent reciprocal space
directions of the surface Brillouin zone. So called Fermi-maps can be
acquired by scanning along Φ and Θ angles.
15
Figure 1.12: Left: Schematic of LEED. Right: Example of diﬀraction from a crystalline (top half)
and a polycrystalline (bottom half) sample.
1.5 Low energy electron diﬀraction
Low energy electron diﬀraction (LEED) is a powerful technique that
operates in UHV and measures the diﬀracted electrons from a surface
for the determination of the surface structure. With LEED it is thus
possible to measure very precisely crystal lattice constants and crystal
symmetry as well as the information about dimensions and rotations of
other unit cells present on the surface. In this thesis LEED was used to
study molecular architectures on surfaces as well as for the investigation
of the growth of graphene on diﬀerent substrates.
The schematic of a LEED apparatus is depicted in Figure 1.12. Elec-
trons are generated by a cathode ﬁlament and are accelerated and fo-
cused on the sample by electromagnetic lenses. Electrons are diﬀracted
by structures at the surface and are backscattered toward a phospho-
rescent screen. Although disordered structures at the surface would not
give a clear diﬀraction pattern, the presence of periodicity would induce
the electrons to interfere due to their particle-wave duality according to
the Bragg diﬀraction theory. Information regarding the reciprocal space
is thus gained from the analysis of the diﬀraction pattern. LEED surface
sensitivity is related to the short inelastic mean free path of electrons
at the typical energy used (10-200 eV) that measures about 0.5-1.0 nm.
LEED operating at higher energy (1-2 KeV) can also be used to perform
16
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Figure 1.13: A) Vacuum quartz reactor used for the CVD growth of graphene on Cu(111) and
oxidized Cu(111). The system is pumped by membrane and turbomolecular pumps and is provided
with several gas input lines. A liquid nitrogen trap is also implemented to ensure a water-free gas
injection into the reactor. B) Enlarged view that displays the quartz tube surrounded by the oven
heater.
Auger spectroscopy.
1.6 Chemical vapor deposition
Chemical vapor deposition (CVD) is a widely used method to realize
high-quality materials in a controlled environment. Coatings (thin ﬁlms)
as well as bulk materials can be prepared by CVD. General information
about the large variety of CVD methods can be found in the book of
Powell, Oxley and Blocher.21 However, we will here focus on CVD on
surfaces by heterogeneous catalysis.
Heterogeneous catalysis refers to that catalytic processes where the
phase of the catalyst diﬀers from the phase of the reactants.22 Heteroge-
neous catalytic chemical reactions can take place at the interface between
two diﬀerent media (solid, liquid, gas, immiscible liquids). Most often
solid surfaces are used as catalyst and a gas mixture provides the reac-
tants. The function of the catalyst is to reduce the activation barrier
needed to perform a chemical reaction and thus improve the reaction
kinetics.
A CVD reactor was used during the thesis work to grow graphene on
Cu(111) and oxidized Cu(111) by catalytic dehydrogenation of methane
17
at the surface. A picture of the reactor is reported in Figure 1.13. This
reactor is a partially home-made CVD reactor consisting in a quartz vac-
uum tube surrounded by a commercial heater (Carbolite) that can reach
about 1500 K of maximum temperature. Gas injection lines are present
and they are provided with liquid nitrogen traps to condense possible
residual contaminant (mainly water). The growth of graphene by CVD
is obtained by inserting into the vacuum oven a substrate (i.e. Cu(111)
single crystal) and by performing high temperature treatments in pres-
ence of an opportune gas mixture. As an example, for the particular
case of graphene on Cu(111) a reduction step is performed to remove the
surface oxide that is present on the surface. This is done by annealing
the crystal for 4 hours in 0.5 mbar H2 + 0.1 mbar Ar at 1200 K. Subse-
quently the sample is exposed to CH4 by adding 0.5 mbar of CH4 to the
gas mixture. A post annealing treatment is also performed for 30 min
in 0.5 mbar H2 + 0.1 mbar Ar at 1200 K. More details on the speciﬁc
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